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Mid to late transition metal complexes that break hydrocarbon C-H bonds by transferring the
hydrogen to a heteroatom ligand while forming a metal-alkyl bond offer a promising strategy for
C-H activation. Here we report a density functional (B3LYP, M06, and X3LYP) analysis of
cis-(acac)2MX and TpM(L)X (M=Ir, Ru, Os, and Rh; acac=acetylacetonate, Tp=tris(pyrazolyl)-
borate; X=CH3, OH, OMe, NH2, and NMe2) systems for methane C-H bond activation reaction
kinetics and thermodynamics. We address the importance of whether a ligand lone pair provides an
intrinsic kinetic advantage through possible electronic dπ-pπ repulsions for M-OR and M-NR2
systems versus M-CH3 systems. This involves understanding the energetic impact of the X ligand
group on ligand loss, C-H bond coordination, and C-H bond cleavage steps as well as under-
standing how the nucleophilicity of the ligand X group, the electrophilicity of the transition metal
center, and cis-ligand stabilization effect influence each of these steps.We also explore how spectator
ligands and second- versus third-row transition metal centers impact the energetics of each of these
C-H activation steps.
1. Introduction
Metal-mediated C-H bond activation involves breaking
hydrocarbon C-H bonds to give metal-carbon bond inter-
mediates or transition states. For C-H activation to be
useful, itmust be coupled to a second reaction that ultimately
transforms the CH group into a more useful carbon-
heteroatomgroup.1C-Hbondactivationofhydrocarbons can
occur via oxidative addition,1,2 which involves the generation
of a metal hydride intermediate upon insertion of a metal
atom directly into a C-H bond. Alternatively, a metal and
ligand may insert into the C-H bond, which results in 1,2-
addition of the C-H bond across the metal-ligand bond
(Scheme 1). This is often referred to as a substitution
mechanism that broadly encompasses σ-bond metathesis
and 1,2-addition pathways.3 This type of mechanism has
also been referred to as ambiphilic metal ligand activation.4
So-called “electrophilic” substitution is also closely related5
and is often used interchangeably with σ-bond metathesis,
although sometimes these two reactions are distinguished by
4A contribution from the Center for Catalytic Hydrocarbon Functionali-
zation.
*To whom correspondence should be addressed. E-mail: dhe@
chem.byu.edu; tbg7h@eservices.virginia.edu; t@unt.edu.
(1) (a) Bergman, R. G. Nature 2007, 446, 391. (b) Labinger, J. A.;
Bercaw, J. E. Nature 2002, 417, 507. (c) Arndtsen, B. A.; Bergman, R. G.
Science 1995, 270, 1970. (d) Goldman,A. S.; Goldberg, K. I. Organometallic
C-H Bond Activation: An Introduction. InActivation and Functionalization
of C-HBonds; Goldman, A. S.; Goldberg, K. I., Eds.;Wiley:Washington, D.
C., 2004;ACSSymposiumSeries 885; p 1. (e) Crabtree, R. H. J.Organomet.
Chem. 2004, 689, 4083. (f) Crabtree, R. H. Chem. Rev. 1985, 85, 245. (g)
The reader is also directed to the recent special issue of chemical reviews on
Selective Functionalization of C-HBonds. Crabtree, R. H., Ed. Chem.Rev.
2010, 110, 575-1211.
(2) (a) Stoutland, P. O.; Bergman, R.G. J. Am. Chem. Soc. 1985, 107,
4581. (b) Stoutland, P. O.; Bergman, R. G. J. Am. Chem. Soc. 1988, 110,
5732. (c) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H.
Acc. Chem. Res. 1995, 28, 154.
(3) 1,2-Additions across metal-ligand double bonds (see ref 1 for
further explanation of mechanistic definitions) are different than sub-
stitution reactions; however, this terminology has been applied to
additions across formally single metal-ligand bonds, which within
our nomenclature would be a substitution reaction. For example: (a)
Feng, Y.; Lail, M.; Barakat, K. A.; Cundari, T. R.; Gunnoe, T. B.;
Petersen, J. L. J. Am. Chem. Soc. 2005, 127, 14174. (b) Feng, Y.; Lail, M.;
Foley, N. A.; Gunnoe, T. B.; Barakat, K. A.; Cundari, T. R.; Petersen, J. L. J.
Am. Chem. Soc. 2006, 128, 7982. (c) Foley, N. A.; Lail, M.; Lee, J. P.;
Gunnoe, T. B.; Cundari, T. R.; Petersen, J. L. J. Am. Chem. Soc. 2007, 129,
6765. (d) Cundari, T. R.; Grimes, T. V.; Gunnoe, T. B. J. Am. Chem. Soc.
2007, 129, 13172.
(4) Boutadla, Y.; Davies, D. L.; Macgregor, S. A.; Poblador-
Bahamonde, A. I. Dalton Trans. 2009, 5820.
(5) (a) Oxgaard, J.; Tenn, W. J., III; Nielsen, R. J.; Periana, R. A.;
Goddard, W. A., III. Organometallics 2007, 26, 1565. (b) Ess, D. H.;
Bischof, S. M.; Oxgaard, J.; Periana, R. A.; Oxgaard, J.; Tenn, W. J., III;
Nielsen, R. J.; Periana, R. A.; Goddard,W.A., III.Organometallics 2008, 27,
6440. (c) Bischof, S. M.; Ess, D. H.; Meier, S. K.; Oxgaard, J.; Nielsen, R. J.;
Bhalla, G.; Goddard, W. A., III; Periana, R. A. Organometallics 2010, 29,
742.
6802 Organometallics, Vol. 29, No. 24, 2010 Ess et al.
the destination of the hydrogen atom. In σ-bond metathesis
the hydrogen atom is transferred to a ligand while the term
electrophilic substitution is commonly reserved to describe
cases where the activated hydrogen is transferred as a proton
to an external base. In both of these mechanisms a metal-
carbon bond intermediate (or transition state) is formed, and
the mechanistic nuance involves whether the hydrogen atom
forms a bond with the metal to generate a genuine metal-
hydride intermediate, is transferred to the ligand, or is
transferred to a “free” base.6-9 There is also an intermediate
situationwhere in the transition state for substitution there is
a clear M-H bond. These types of reactions have been
referred to as metal-assisted σ-bond metathesis, oxidatively
added transitionstate,σ-complex-assistedmetathesis (σ-CAM),
and oxidative hydrogen migration (OHM).10
Paramount in the design of hydrocarbon functionalization
catalysts is the understanding of which types of C-H
activation reactions are kinetically facile and are compatible
with functionalization steps.1 The purpose of this contribu-
tion is to utilize modern computational chemistry tools
(B3LYP, M06, and X3LYP density functionals) to quanti-
tatively assess the kinetics for a series of substitution C-H
activation reactions that involve 1,2-addition of C-Hbonds
across M-X bonds (X= CH3, OH, or NH2). Previous
experimental studies focused on TpRu(CO)X/TpRu(PMe3)X
(X=CH3, OR, and NR2),
3 cis-(acac)2IrX (X=Ph, OMe),
5,
(PCP)Ru(CO)(NH2) (PCP=1,3-bis[(di-tert-butylphosphino)-
methyl]-2,4,6-trimethylbenzene),11 (PNP)RhOR (PNP=
2,6-bis[di-tert-butylphosphino)methyl]pyridine, R=H, Ph),12
[(diimine)M(μ2-OH)]2
2þ (M=Pd, Pt),13 [(COD)Rh(μ2-
OH)]2,
14 and (tbpy)Pt(NHPh)Me15 (tbpy = 4,40-di-tert-butyl-
2,20-dipyridyl) systems have shown that net 1,2-CH-addition
reactions using mid to late transition metals with hetero-
atomic ligands offer a promising strategy for C-H activa-
tion.Here, we analyze TpM(CO/PMe3)X and cis-(acac)2MX
(M=Ir, Ru, Os, and Rh; X = CH3, OH, OMe, NH2, and
NMe2) systems for C-H activation reaction kinetics and
thermodynamics where the hydrogen is transferred to the
X ligand. Although these experimental systems are only
capable of activating arene C-H bonds, we have chosen
methane as a useful model C-H bond substrate for compu-
tational analysis. In this study, important fundamental issues
of C-H bond activation are addressed, including, inter alia,
whether the presence of a lone pair provides an intrinsic
kinetic advantage for M-OR and M-NR2 systems versus
M-CH3 systems. This arises from considering the 1,2-addi-
tion as an intramolecular proton transfer5 and the classic
view that a ligand lone pair next to a filled metal dπ orbital
leads to dπ-pπ repulsions and possible increased reactivity
(Chart 1).16
2. Methodology
All structures were optimized in the gas phase and verified as
minima or first-order saddle points by calculation of the full
Hessian using Jaguar 7.5.17 All geometries reported are
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RB3LYP (closed-shell species) or UB3LYP (open-shell species)
with the LACVP** basis set. Electronic energies (B3LYP,
M06, M06-L, and X3LYP) were further evaluated with the
LACV3Pþþ**(f)[6-311þþG(d,p)] basis set. For Ru, Rh, Os,
and Ir the polarization f function exponents were set to 1.235,
1.350, 0.886, and 0.938, respectively. All ZPE, enthalpic, and
entropic free energy corrections (unscaled) utilize values com-
puted with B3LYP/LACVP** at 298 K and 1 atm. All abso-
lutely localizedmolecular orbital energy decomposition analysis
(ALMO-EDA) calculations were performed in Q-Chem 3.118
using the LANL2DZ[6-31G(d,p)]19 basis set on Jaguar-optimized
(B3LYP/LACVP**) geometries. TheALMO-EDAmethodwas
used to dissect interaction energies between metal/ligand and
CH4 fragments by using a variational block-localization of
fragment (defined here as metal/ligand and CH4 fragments)
MO coefficients and a perturbative single Roothaan step to
obtain directional charge-transfer (ECT) contributions as the
difference between localized and delocalized energies.20 This
analysis decomposes the interaction energy into three terms: (1)
frozen density (EFRZ), which is the energy change resulting from
bringing the metal-ligand and methane transition-state frag-
ments into close proximity without orbital relaxation; (2) polar-
ization (EPOL), which is the individual fragment (intramolecular)
orbital relaxation in the presence of the other fragment; (3)
charge transfer (ECT), which is the stabilization estimate of all
occupied-unoccupied orbital stabilizations.
Three-dimensional ball-and-stick structures were generated
using CYLview,21 and B3LYP Kohn-Sham (KS) orbitals were
generated in GaussView attached to Gaussian 09.22
3. Results and Discussion
3.1. Steps of C-H Activation. The C-H activation reac-
tion of alkanes is often amultistep process. A typical reaction
sequence involving three steps is as follows: (1) ligand loss to
create a vacant coordination site and an electron-deficient
metal center; (2) hydrocarbon coordination to this open
coordination site; and finally (3) C-H bond cleavage
(Scheme 2). These three steps are depicted along a general
reaction profile in Scheme 2a. However, for many C-H
bond activation catalysts, for example the Catalytica system,
steps 1 and 2 collapse into a single step, leading to the asso-
ciative mechanism in Scheme 2b.23 In addition, the C-H
activation reactionmight proceed without a methane adduct
as an intermediate, which is represented by a dashed line in
Scheme 2a. The latter case would likely arise because a weak
dispersive interaction is not favorable enough to overcome the
entropic disadvantage of generating a methane adduct mini-
mum from two separate reactants along the free energy profile.
In terms of energetics, the total activation energy (ΔE‡tot =
ΔEligþΔEcoordþΔE‡clv) is the sumof pre-equilibrium steps 1
and 2 and the C-H bond activation step 3, assuming C-H
bond cleavage is rate-limiting,which is not always the case. It is
also possible to compare activation energies from the common
coordinatively unsaturated species. In this case, the activation
barrier (ΔE‡act) is the sumofΔEcoordþΔE‡clv.Allmechanisms
considered in this work are either two- or three-step dissocia-
tive processes.
3.2. C-H Activation by (acac)2Ir(X)(Y) and TpRu(CO)-
(X)(Y) Species. Pyridine is a good σ-donor with minimal π-
back-bonding to most metal centers. Because of this, pyr-
idine binding energies can be taken to reflect the intrinsic
electrophilicity of the metal center. Figure 1 shows the
optimized pyridine complexes for (acac)2IrX species where
Scheme 2. General C-H Activation Reaction Profile and Defi-
nition of Energetics for (a) a Three-Step or Two-StepDissociative
Process and (b) a Two-Step or Associative Process
Chart 1. Generalized View of Destabilizing dπ-pπ Repulsions
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X = CH3, OH, and NH2. Table 1 (column 2) gives the
B3LYP/LACV3Pþþ**(f)-calculated pyridine ligand bind-
ing energies (ΔElig). Pyridine coordinates to (acac)2IrCH3
tightest with a ΔElig of -45.1 kcal/mol, while (acac)2IrOH
and (acac)2IrNH2 bind by only -36.8 and -21.7 kcal/mol,
respectively. This nearly 10 kcal/mol monotonic decrease in
binding energies from Me to OH and from OH to NH2
reflects the increase in LUMO energies of the coordinatively
unsaturated species (centeredmainly on iridium andmixes in
an antibonding fashion with the lone-pair ligand orbitals of
OH and NH2). The differences in these LUMO orbitals are
discussed later in Section 3.4. The Kohn-Sham unoccupied
LUMOorbital energies are-2.3,-1.9, and-1.3 eV forX=
CH3, OH, and NH2, respectively.
From the coordinatively unsaturated (acac)2IrX species
only X = CH3, OH, and OMe form methane complexes
(Figure 2); that is, the amide models do not bind methane,
even in these gas-phase simulations. The use of the M06
functional for geometry optimizations also did not locate an
energy minimum for methane binding. As suggested by the
relative pyridine coordination energies for X = NH2 and
NMe2, these species are not electrophilic enough to induce
significant charge-transfer, polarization, or dispersion forces
great enough to induce a potential energy minimum arising
from coordination of the very weak base methane. The
vacant site in (acac)2IrCH3 is most electrophilic and binds
exothermically to methane by -7.7 kcal/mol (ΔEcoord);
however, this will be endergonic on the free energy scale
given the unfavorable entropic correction estimate (calcu-
lated TΔS ≈ 10-12 kcal/mol at standard temperature
and pressure (STP) for A þ Bf AB reactions in gas-phase
simulations). In contrast, (acac)2IrOHand (acac)2IrOMe co-
ordinate tomethane endothermically by 5.3 and 6.1 kcal/mol
and are approximately 15 kcal/mol endergonic on the free
energy surface.
There is an important difference between the five-coordi-
nate species (acac)2IrCH3 (1Me) and all of the other Ir(III)
five-coordinate species: 1OH, 1OMe, 1NH2, and 1NMe2 (see
Figure 2). 1Me retains a square-pyramidal geometry, which
is an octahedral geometry with a vacancy at the sixth
position, with the X-Ir-O-acac angle at nearly 90. For
all other five-coordinate species, the OR/NR2 ligand adopts
an ∼145 angle toward more of a trigonal-bipyramidal
geometry upon removal of pyridine and subsequent geome-
try optimization, leading to a single minimum energy struc-
ture for these species. This shift in ground-state geometry is
the result of increasing the HOMO-LUMO gap and greatly
impacts the C-H activation energies. This change in struc-
ture shortens the Ir-Xbond length by∼0.05 A˚ for 1OH and
1OMe and up to 0.1 A˚ for 1NMe2. As further discussed
Table 1. B3LYP andM06 Electronic, Enthalpic, and Free Energies of Activation and Reaction for the Reaction of (acac)2IrX (X=CH3,
OH, OMe, NH2, NMe2) with Methane
a
B3LYP/B1 B3LYP/B2 M06/B2 B3LYP/B1 B3LYP/B1
(acac)2IrX ΔE ΔE ΔE ΔH ΔG
pyridine complex
X= CH3 -46.0 -45.1 -53.5 -44.1 -30.5
X = OH -36.4 -36.8 -41.7 -35.0 -22.3
X = NH2 -22.2 -21.7 -27.1 -20.8 -8.3
CH4 complex
X= CH3 -7.5 -7.7 -14.4 -6.2 2.9
X = OH 6.2 5.3 2.3 6.8 14.8
X = OMe 6.0 6.1 1.1 6.6 14.5
X = NH2 NA NA NA NA NA
X= NMe2 NA NA NA NA NA
transition state
X= CH3 3.4 1.0 (8.7)
b -7.3 2.8 14.0
X = OH 16.6 17.0 (11.7)b 13.1 14.2 24.5
X = OMe 17.4 17.7 (11.6)b 12.2 15.1 25.4
X = NH2 23.7 23.9 19.9 21.3 31.4
X = NMe2 27.8 27.6 21.8 25.3 35.3
product
X= OH -11.6 -10.5 -16.5 -10.3 -1.7
X = OMe -11.6 -11.1 -17.9 -10.4 0.0
X = NH2 -21.0 -19.1 -23.4 -18.7 -10.2
X = NMe2 -18.7 -17.3 -23.8 -16.2 -6.7
aEnergies are relative to separated (acac)2IrX and methane (kcal/mol). B1=LACVP**. B2=LACV3Pþþ**(f). bActivation energy set relative to
methane complex.
Figure 1. (acac)2Ir(X)(Py) optimized structures.
Article Organometallics, Vol. 29, No. 24, 2010 6805
in Section 3.4, the energy to achieve themethane complex for
1OH and 1OMe ismainly the result of theOR ligand needing
to orient back to the octahedral ligand environment. In
addition, an octahedral coordination geometry is required
in the transition state for C-H bond cleavage.
The relative interaction energies (ΔEcoord) in the methane
complex are reflected in the Ir-CH4 contact distance and the
elongation of the methane C-H bond. In 1Me-CH4 the
Ir-C bond is 2.59 A˚ and Ir-H contact is 1.88 A˚, which
results in elongating the C-Hbond to 1.14 A˚ (the calculated
C-H bond length of isolated methane is 1.09 A˚ at this level
of theory). The two other methane complexes, 1OH-CH4
and 1OMe-CH4, have larger Ir-CH4 distances of 2.69 and
2.72 A˚. The Ir-(HCH3) contact distances (2.05 and 2.07 A˚)
are also much longer and the C-H bond distances are
stretched to only 1.12 and 1.11 A˚, all indicative of a weaker
complex/methane interaction.
Among the transition structures for methane C-H bond
activation, 1Me-CH4-TS has a distinctive “kite” structure,
whereas all the rest have “right-angle” four-centered inter-
actions (Chart 2). The origin of the kite-like structure is due
to a direct orbital bonding interaction between the Ir and H
atoms and the use of the Ir-CH3 ligand σ-bond.6-9 This
interaction is not present, or is less pronounced, in the
Figure 2. Depiction of computed structures for coordinatively unsaturated and methane coordination ground states along with
transition states for C-H bond cleavage for the reaction of methane with (acac)2IrX species.
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substitution transition states involving Ir-OR and Ir-NR2
that utilize a lone-pair orbital.5 The difference in calculated
transition-state structures is likely due to an enhancement of
metal-hydrogen interaction for those systems that lack a
lone pair. The presence of a lone pair for -OR and -NR2
ligands affords a relatively strongO/N-H interaction,which
serves to mitigate the metal-hydrogen interaction. In the
(acac)2IrOR transition states, the forming O-H bond dis-
tances are shorter (∼1.35 A˚) than the forming N-H bond
distances in (acac)2IrNR2 transition states (∼1.45 A˚), reflect-
ing the smaller oxygen-hydrogen covalent radii. All other
geometric features of forming and breaking bonds are nearly
equivalent.
BecauseC-Hactivation is amultistep process (see Section
3.1), there are several energetic quantities that can be com-
pared to rank the relative reactivity of each species. Here we
compare three quantities: ΔE‡clv, ΔE
‡
act, and ΔE
‡
tot. The
ΔE‡clv value compares only the energy required to break the
C-H bond and is relative to a methane complex. However,
not all complexes bind methane to form a stable intermedi-
ate.ΔE‡act is the sum of coordination and cleavage steps and
allows comparison of all species relative to their coordina-
tively unsaturated ground state. This energetic quantity
would be a very good indicator of reactivity if the reactions
were carried out in a weakly coordinating solvent environ-
ment. ΔE‡tot gives a total of all steps involved in the C-H
activation process. The relative reactivity of each species will
be greatly influenced by the binding energy of the ligand that
must dissociate prior to methane coordination. Therefore,
ranking reactivity based on ΔE‡tot can be determined only
for a specific ligand. In this study we have considered only
pyridine. Results for water and ammonia ligands are given in
the Supporting Information.
Analysis of ΔE‡clv for (acac)2IrX species þ CH4 shows
that for (acac)2IrCH3 the barrier is 8.7 kcal/mol, while
(acac)2IrOH and (acac)2IrOMe are only slightly higher at
11.7 and 11.6 kcal/mol (Table 1). Because no stable methane
adduct was located on the potential surfaces for (acac)2-
IrNH2 and (acac)2IrNMe2, it is difficult to estimate how
much of ΔE‡act is composed of ΔE
‡
clv versus ΔEcoord. An
estimate of this is given in Section 3.5. The direct comparison
of ΔE‡act values is also probably inequitable since the
coordination of methane to (acac)2IrCH3 is exothermic. The
influence of the C-H bond breaking capability should be
ranked on the basis of the ΔE‡clv for (acac)2IrCH3 and the
ΔE‡act for the rest of the (acac)2IrX species. The order (from
smallest to largest) of barrier heights (ΔE‡act) is X=CH3<
OH≈OMe<NH2<NMe2. This order of reactivity is evident
when the potential energy surfaces are plotted in Figure 3.
This order is also apparent when plotting the ΔG‡act in
Figure 4.
Among the series (acac)2IrX (X= CH3, OH, OMe, NH2,
NMe2), although (acac)2IrCH3 is intrinsically the most
reactive complex toward coordinating and cleaving C-H
bonds, it is also possible that it would be the least reactive if
the vacant coordination site is filled with a strong donor
ligand (i.e., ΔE‡tot in Scheme 2a). When the vacant site is
occupied with pyridine, theΔE‡tot values reveal that for X=
CH3, OH, andNH2 theΔE
‡
tot values are 46.1, 53.8, and 45.6
kcal/mol. Surprisingly, now (acac)2IrCH3 and (acac)2IrNH2
have nearly identical barriers, and (acac)2IrOH is predicted
to be the least reactive of the series. Thus, starting from a
coordinatively saturated complex, (acac)2Ir(py)NH2 (py =
pyridine) is the least reactive toward cleaving C-H bonds,
although the donor ability of the amido group makes up for
the lack of this reactivity by inhibiting a strongly coordinat-
ing ligand such as pyridine. This would also be the case, for
example, if the reaction were carried out in a coordinating
solvent.
Inspection of pyridine and methane binding energies in
Table 1 reveals a large discrepancy between B3LYP and
Figure 4. B3LYP/LACV3Pþþ**(f) free energy profile for
(acac)2IrX (X = CH3, OH, OMe, NH2, NMe2) reaction with
methane. No methane complex was found for X = NH2 and
NMe2, and these points on the reaction profile were set to zero.
The free energies plotted here use BS1 zero-point, enthalpic, and
entropic corrections.
Chart 2. Examples of Structural Differences between “Kite”
and “Right-Angle” Transition States
Figure 3. B3LYP/LACV3Pþþ**(f) activation and reaction
energies for (acac)2IrX (X = CH3, OH, OMe, NH2, NMe2)
reactionwithmethane.Nomethane complexwas found forX=
NH2 andNMe2, and these points on the reaction profile were set
to zero.
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M06. On average M06 predicts all ligand binding to be g4
kcal/mol tighter than B3LYP. Although 4 kcal/mol is rela-
tively minor compared to the overall coordination energy of
pyridine and ammonia, this much deviation is significant for
the weak methane complexes; this is most obvious for
(acac)2IrCH3, for which B3LYP predicts a coordina-
tion energy of -7.7 kcal/mol, while M06 predicts a value
of-14.4 kcal/mol. To further explore this issue, M06-L and
X3LYP were also used to compute coordination energies
(see Supporting Information). M06-L predicts slightly less
exothermic coordination energies by ∼1-2 kcal/mol and
higher activation energies by ∼2-3 kcal/mol. However, the
results for M06-L are similar to M06. In contrast, X3LYP
predicts energies that are within ∼1 kcal/mol of the B3LYP
results. In the absence of CCSD(T) benchmark calculations,
which are too computationally demanding with our current
resources, it is difficult to know which of these methods is
most accurate.However,Dunning,Girolami, and co-workers
have recently compared CCSD(T) energies to B3LYP,
M05-2X, and other functional energies for the insertion
reaction of (C5H5)Os(R2PCH2PR2)
þ (R=CH3 andH) with
methane.24 For the methane complex prior to insertion the
newer dispersion-corrected M05-2X functional gave ener-
getics in closer agreement with CCSD(T) than with B3LYP.
Although B3LYP and M06 predict different coordination
energies, the relative barriers are unaffected by this problem;
quantitatively B3LYP and M06 trends are nearly identical.
Compared to the (acac)2IrX systems (1), pyridine coordi-
nates to TpRu(CO)X (2) species less strongly by 9-16 kcal/
mol (Table 2). This is reasonable when comparing the Ru(II)
and Ir(III) formal oxidation states and the O-donor with the
N-donor ligand affinities. Again, the Kohn-Sham LUMO
orbital energies qualitatively support the viewof a lesser electro-
philic nature of TpRu(CO)X species and properly order the
X=CH3,OH,NH2species: εLUMO=-1.7,-1.5, and-1.0 eV.
Similar to the (acac)2IrX coordinatively unsaturated sys-
tems, 2Me adopts an octahedral-like geometry despite a
vacant coordination site, while 2OH, 2OMe, 2NH2, and
2NMe2 optimize to a distorted geometry (Figure 5). The OR
groups distort to an O-Ru-N(Tp) angle of ∼140, while
the NR2 group moves to an N-Ru-N(Tp) angle of
∼155. Because of the decreased electrophilicity of this
system, TpRu(CO)CH3 (2Me) coordinates to methane by
only -3.3 kcal/mol (ΔG = þ5.6 kcal/mol). The methane
complex 2Me-CH4 has a Ru-H contact of 2.02 A˚ and
stretches the methane C-H bond to 1.12 A˚ (Figure 5). In
accordance with the less electrophilic system the Ru-CH4
distance is 2.74 A˚, which is ∼0.15 A˚ longer than the corre-
sponding iridium acac complex. Although a stationary point
was located, the TpRu(CO)OHbinding energy tomethane is
negligible and the endergonicΔG of 9.0 kcal/mol for binding
is entropic in nature for 2OH-CH4. Due to the strong donor
capacity ofOMe,NH2, andNMe2groups, nomethane complex
could be located, and optimization led to separated species.
The transition-state geometries forC-Hbond cleavage by
the TpRu(CO)X complex have been previously reported and
discussed by Cundari, Gunnoe, and co-workers.3,7 In brief,
these transition states are slightly earlier than the corre-
sponding (acac)2IrX transition states with the Ru-C and
OR/NR2-H forming bonds being slightly longer and the
breaking C-H bond slightly shorter.
The ΔE‡clv barrier for TpRu(CO)CH3 is 19.3 kcal/mol
(Table 3). This is more than 10 kcal/mol higher than the
(acac)2IrCH3 cleavage barrier. TpRu(CO)OH also has a
larger ΔE‡clv barrier (16.9 kcal/mol) compared to the corre-
sponding (acac)2IrOH cleavage barrier. Comparing these
values to the ΔE‡act for TpRu(CO)OMe (20.4 kcal/mol),
TpRu(CO)NH2 (21.6 kcal/mol), and TpRu(CO)NMe2 (20.7
kcal/mol) shows that the order (from smallest to largest) of
barrier heights is X=OH<CH3≈OMe≈NMe2≈NH2.
Figures 6 and 7 show this clustering ofΔE‡clv andΔG
‡
clv. The
order of intrinsic reactivity toward breaking the methane
C-H bond is very different than (acac)2IrX species. From
Table 2. B3LYP and M06 Electronic, Enthalpic, and Free Energies of Activation and Reaction for the Reaction of TpRu(CO)X
(X= CH3, OH, OMe, NH2, NMe2) with Methane
a
B3LYP/B1 B3LYP/B2 M06/B2 B3LYP/B1 B3LYP/B1
TpRu(CO)X ΔE ΔE ΔE ΔH ΔG
pyridine complex
X= CH3 -31.7 -29.7 -39.6 -29.9 -17.5
X = OH -29.2 -28.6 -36.5 -27.8 -15.7
X = NH2 -15.4 -13.7 -21.2 -13.7 -3.1
CH4 complex
X= CH3 -4.4 -3.3 -10.3 -3.0 5.6
X = OH -0.4 -0.5 -5.9 0.5 9.0
X = OMe NA NA NA NA NA
X= NH2 NA NA NA NA NA
X= NMe2 NA NA NA NA NA
transition state
X= CH3 16.5 16.0 (19.3)
b 6.3 15.8 26.0
X = OH 14.4 16.4 (16.9)b 9.6 12.3 23.2
X = OMe 18.7 20.4 13.5 16.5 27.8
X = NH2 20.3 21.6 16.1 18.6 28.0
X = NMe2 19.9 20.7 13.1 17.7 28.7
product
X= OH -5.2 -3.4 -13.0 -3.9 5.5
X = OMe -1.1 0.3 -8.4 0.6 10.7
X = NH2 -14.5 -11.9 -18.5 -11.8 -3.7
X = NMe2 -16.2 -14.7 -22.9 -13.7 -3.9
aEnergies are relative to separatedTpRu(CO)Xandmethane (kcal/mol). B1=LACVP**.B2=LACV3Pþþ**(f). bActivation energy set relative to
methane complex.
(24) Flener-Lovitt, C.; Woon, D. E.; Dunning, T. H., Jr.; Girolami,
G. S. J. Phys. Chem. A 2010, 114, 1843.
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the results it is clear that increased dπ-pπ repulsions in
an octahedral geometry for TpRu(CO)NH2 compared to
TpRu(CO)OH (or TpRu(CO)CH3) are not the dominating
influence on the activation barrier for C-H bond breaking.
Rather, the potent donor capacity of the amido ligand to the
metal center results in destabilization of the empty LUMO
orbital and is responsible for lowering the ΔE‡tot. This is
also true for the (acac)2IrX system. In other words, although
dπ-pπ repulsions exist, the amido and hydroxo ligand lone
pairs have a greater energetic impact on the ground states
than on the transition states (see later discussion).16 The
ΔE‡tot values for X = CH3, OH, and NH2 compared to the
pyridine complex are 45.7, 45.0, and 35.3 kcal/mol, respec-
tively. ComparingΔE‡tot values for (acac)2IrCH3 (46.1 kcal/
mol) versus TpRu(CO)CH3 (45.7 kcal/mol) shows that these
species are equally reactive. In contrast, theΔE‡tot values for
TpRu(CO)OH and TpRu(CO)NH2 are ∼10 kcal/mol lower
than (acac)2IrCOH and (acac)2IrNH2.
In addition to TpRu(CO)X complexes, Gunnoe and co-
workers have also studied the TpRu(PR3)X variants. Table 3
gives the ΔEcoord, ΔE
‡
act, and ΔE
‡
clv energies for the TpRu-
(PMe3)X reacting with methane. It is sufficient to highlight
that the energies and trends are nearly identical to the
TpRu(CO)X system.
Figure 5. Depiction of computed structures for coordinatively unsaturated and methane coordination ground states along with
transition states for C-H bond cleavage for the reaction of methane with TpRu(CO)X species (B3LYP/LACVP**).
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3.3. C-H Activation by (acac)2Rh(X)(Y), TpOs(CO)(X)-
(Y), [(acac)2Ru(X)(Y)]
þ, and [TpIr(CO)(X)(Y)]þ Species.
The direct comparison of reactivity trends for Ru and Ir
systems is hampered by the differences between second-
row versus third-row metals, formal oxidation state, group
on the periodic table (8 versus 9), and O-donor versus Tp
N-donor ligands. In an effort to more directly compare
the activation barrier trends and the influence of the
ligand lone pair, coordination and activation parameters
were computed for (acac)2RhX (3), TpOs(CO)X (4), [(acac)2-
RuX]þ (5), and [TpCOIrX]þ (6) systems (Tables 4 and 5).
The C-H cleavage transition structures are shown in
Figure 8.
For (acac)2RhX, the B3LYP/LACV3Pþþ**(f) coordina-
tion energies of pyridine are identical for (acac)2RhCH3 and
(acac)2RhOH (ΔE = -34.3 kcal/mol) and 10 kcal/mol less
for (acac)2RhNH2.This trend in electrophilic coordination is
nearly identical to the TpRu(CO)X system.However, theRh
complexes are slightly more exothermic compared to Ru
complexes. Only the rhodium amido species coordinates to
pyridine more exothermically than the corresponding Ir-acac
complex. The methane substrate is more weakly bound
than in the corresponding iridium complexes. The ΔE‡act
values are distinctly different than the (acac)2IrX values.
The ΔE‡clv for (acac)2RhCH3 is 17 kcal/mol higher
(ΔE‡clv = 18.0 kcal/mol) than for (acac)2IrCH3 and
12 kcal/mol larger than ΔE‡act (21.0 kcal/mol). The
(acac)2RhOH transition state has the lowest ΔE
‡
act
(14.5 kcal/mol), and (acac)2RhNH2 is slightly higher
(16.6 kcal/mol). Taken as a whole, these data indicate
that the coordination energies and activation parameters
of (acac)2RhX are more similar to TpRu(CO)X than (acac)2-
IrX, implying that the origin of differences between
(acac)2IrX and TpRu(CO)X is due to second-row versus
third-row transition metal series. Further support of this
hypothesis is reflected in the coordination and activation
barriers for TpOs(CO)X. The trends in ΔE‡clv and ΔE
‡
act
show that, similar to (acac)2IrCH3, TpOs(CO)CH3 has a
very low barrier for breaking the methane C-H bond. The
ΔE‡clv for TpOs(CO)CH3 is only 3.2 kcal/mol, and the
ΔE‡act’s for TpOs(CO)OH and TpOs(CO)NH2 are 22.5
and 29.1 kcal/mol. It is important to note that 4Me-CH4-
TS is an insertion transition state and not a substitution
transition state. For 4Me-CH4-TS, the insertion product lies
in a very shallow minimum (-0.5 kcal/mol). Although these
values are a few kcal/mol higher than the corresponding
(acac)2IrX, the trend in barriers is very similar. Evidently,
for the Ru, Os, Rh, and Ir systems, the difference in
barriers for breaking the methane C-Hbond is most related
to the transition metal row and not the group or ligand
composition.25
Analysis of ΔE‡tot values also supports this conclusion.
Compared to pyridine complexes, ΔE‡tot values for (acac)2-
RhX where X=CH3, OH, andNH2 are 52.3, 48.8, and 40.7
kcal/mol. For TpOs(CO)X where X = CH3, OH, and NH2
the values are 30.1, 51.5, and 42.8 kcal/mol. The (acac)2RhX
trend is the same as the TpRu(CO)X trend, with the values
Table 3. B3LYP and M06 Electronic, Enthalpic, And Free
Energies of Activation and Reaction for the Reaction of TpRu-
(PMe3)X (X = CH3, OH, OMe, NH2, NMe2) with Methane
a
B3LYP/B1 B3LYP/B1 B3LYP/B1
TpRu(PMe3)X ΔE ΔH ΔG
methane complex
X= CH3 -3.3 -2.0 7.1
X = OH -0.3 0.6 9.8
X = OMe NA NA NA
X= NH2 NA NA NA
X= NMe2 NA NA NA
transition state
X= CH3 14.8 (18.1)
b 14.5 25.7
X = OH 16.8 (17.1)b 14.6 25.7
X = OMe 17.6 15.5 26.7
X = NH2 20.6 18.4 29.8
X = NMe2 19.5 17.4 28.1
aEnergies are relative to separated TpRu(PMe3)X and methane
(kcal/mol). B1 = LACVP**. B2 = LACV3Pþþ**(f). bActivation
energy set relative to methane complex.
Figure 6. B3LYP/LACV3Pþþ**(f) activation and reaction
energies for the reaction of TpRu(CO)X (X = CH3, OH,
OMe, NH2, NMe2) with methane. No methane complex was
found for X = OMe, NH2, and NMe2, and points on the
reaction profile were set to zero.
Figure 7. B3LYP/LACV3Pþþ**(f) free energy profile for the
reaction of TpRu(CO)X (X = CH3, OH, OMe, NH2, NMe2)
with methane. No methane complex was found for X = OMe,
NH2 and NMe2, and points on the reaction profile were set to
zero. The free energies plotted here use BS1 zero-point, enthal-
pic, and entropic corrections.
(25) Lam, W. H.; Jia, G.; Lin, Z.; Lau, C. P.; Eisenstein, O. Chem.;
Eur. J. 2003, 9, 2775.
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being on average ∼4-5 kcal/mol higher. Again, the amido
species is most reactive due to a ground-state effect disrupt-
ing ligand coordination of pyridine.
Now that a relationship between (acac)2IrX/TpOs-
(CO)X and (acac)2RhX/TpRu(CO)X has been estab-
lished, the next analysis is a comparison of the spectator
Table 4. Activation Parameters for the Reactions of (acac)2RhX and TpOs(CO)X with Methane (kcal/mol)
a
B3LYP/B1 B3LYP/B2 M06/B2 B3LYP/B1 B3LYP/B1
ΔE ΔE ΔE ΔH ΔG
(acac)2RhX
pyridine complex
X= CH3 -35.3 -34.3 -43.0 -33.4 -20.5
X = OH -34.9 -34.3 -42.4 -33.3 -20.5
X = NH2 -25.6 -24.1 -29.9 -24.0 -10.9
methane complex
X= CH3 -3.5 -3.0 -9.4 -2.3 5.8
X = OH 0.2 1.0 -4.1 1.1 8.7
X = NH2 NA NA NA NA NA
transition state
X= CH3 20.3 18.0 (21.0)
b 9.2 18.7 28.7
X = OH 13.5 14.5 7.1 11.4 22.1
X = NH2 15.8 16.6 12.2 13.7 24.7
products
X= OH -14.9 -13.8 -24.6 -13.4 -4.9
X = NH2 -27.1 -25.3 -30.9 -24.6 -15.3
TpOs(CO)X
pyridine complex
X= CH3 -32.6 -30.6 -39.6 -30.4 -17.7
X = OH -28.1 -29.0 -35.9 -26.9 -13.8
X = NH2
methane complex
X= CH3 -4.8 -3.7 -10.3 -3.3 5.8
X = OH 6.0 4.9 0.6 6.6 15.7
X = NH2 NA NA NA NA NA
transition state
X= CH3 2.2 (-1.1)c (-0.5)c (-9.2)c 2.0 (0.2)c 12.7 (11.0)c
X= OH 20.7 22.5 17.0 18.4 29.6
X = NH2 28.0 29.1 23.4 25.4 36.2
product
X= OH 0.0 1.5 -5.5 1.1 11.2
X = NH2 -9.0 -6.6 -12.2 -7.1 2.8
aB1 = LACVP**. B2 = LACV3Pþþ**(f). bActivation energy set relative to methane complex. c Insertion intermediate energy.
Table 5. Activation Parameters for the Reactions of [(acac)2RuX]
þ and [TpIr(CO)X]þ with Methane (kcal/mol)a
B3LYP/B1 B3LYP/B2 M06/B2 B3LYP/B1 B3LYP/B1
species ΔE ΔE ΔE ΔH ΔG
[(acac)2RuX]
þ
pyridine complex
X= CH3 -28.9 -27.3 -37.5 -26.7 -13.9
X = OH -34.4 -33.8 -44.3 -32.7 -20.8
X = NH2 -30.9 -29.9 -39.9 -29.1 -17.1
methane complex
X= CH3 17.5 17.3 7.5 18.4 26.0
X = OH 9.5 9.6 1.7 10.3 17.3
X = NH2 NA NA NA NA NA
transition state
X= CH3 39.6 37.8 27.6 38.0 47.4
X = OH 40.9 40.3 29.9 38.0 47.6
X = NH2
[TpIr(CO)X]þ
pyridine complex
X= CH3 -57.1 -55.2 -64.9 -54.7 -41.4
X = OH -50.5 -49.6 -56.9 -48.7 -34.9
X = NH2 -34.8 -32.2 -40.2 -33.1 -20.0
methane complex
X= CH3 -10.3 -9.6 -16.9 -8.8 -0.2
X = OH -1.5 -1.6 -6.4 -0.8 9.1
X = NH2 NA NA NA NA NA
transition state
X= CH3 7.7 7.0 (16.9)
b -1.0 7.6 17.8
X = OH 10.5 11.9 (13.5)b 6.1 8.4 20.1
X = NH2 21.2 22.5 16.2 19.0 29.7
aB1 = LACVP** and B2 = LACV3Pþþ**(f). bActivation energy set relative to methane complex.
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ligands. The methane coordination and activation ener-
gies for [(acac)2RuX]
þ and [TpIr(CO)X]þ are given in
Table 5.
As discussed above, Ru species show much smaller
coordination energies to pyridine and methane. For
example, [(acac)2RuX]
þ binds to pyridine on average
∼10 kcal/mol less exothermically. For methane there
is no exothermic complex. The ΔEcoord for [(acac)2-
RuCH3]
þ with methane is 17.3 kcal/mol and for [(acac)2-
RuOH]þ with methane, 9.6 kcal/mol. The ΔE‡act values
for [(acac)2RuCH3]
þ and [(acac)2RuOH]
þ are 37.8 and
40.3 kcal/mol, respectively, which are significantly larger
than the (acac)2IrCH3/(acac)2IrOH and TpRu(CO)CH3/
TpRu(CO)OH barriers.
Despite the cationic nature of [TpIr(CO)X]þ, it only
induces ∼2 kcal/mol more exothermic coordination of
methane than the neutral (acac)2IrX species. TpIr(CO)CH3
binds methane by -9.6 kcal/mol and cleaves the methane
C-H bond with a low barrier of 7.0 kcal/mol; however, the
ΔE‡act is 16.9 kcal/mol, which is substantially larger than the
(acac)2IrCH3 ΔE
‡
act value. The ΔE
‡
act for [TpIr(CO)OH]
þ
and [TpIr(CO)NH2]
þ closely resemble the (acac)2IrX bar-
riers, indicating that, at least for the Tp and (acac)2 ligand
sets, the metal center and its oxidation state/periodic group
Figure 8. B3LYP/LACVP** geometries for (a) (acac)2RhX (X = CH3 = 3Me; OH= 3OH; NH2 = 3NH2), (b) TpOs(CO)X (X =
CH3= 4Me; OH= 4OH; NH2= 4NH2), (c) [(acac)2RuX]
þ (X= CH3= 5Me; OH= 5OH; NH2= 5NH2), and (d) [TpIr(CO)X]
þ
(X = CH3 = 6Me; OH = 6OH; NH2 = 6NH2).
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number determine the order of activation barriers, not the
spectator ligand. In other words, acac and Tp ligands are
relatively similar in their influence on activation barriers.
3.4. Origin ofTrends inM-XActivationBarriers. Inspection
of the molecular orbitals for the ground state of coordi-
natively unsaturated species helps elucidate the trends in
ΔE‡act values for X = CH3, OR, and NR2. As discussed
earlier, alkyl species retain an octahedral ligand environ-
ment despite a vacant coordination site. In contrast,
hydroxo and amido species adopt a more stable distorted
trigonal-pyramidal-like structure. Figure 9 shows the most
important orbital changes that occur between the ground-
state and transition-state (for C-H bond cleavage) geome-
tries for (acac)2IrOH. In the transition-state geometry the
LUMO is an antibonding combination of the metal dz2
and X p orbitals, and the HOMO orbital is a dπ-pπ
antibonding combination. In the optimized geometry
the antibonding interactions become significantly more
destabilizing and the LUMO energy increases by 3.5 eV.
Although the HOMO-LUMO gap increases, the HOMO
energy is also destabilized by 0.5 eV. However, this
distorted geometry is ultimately favorable because the
dπ-pπ bonding combination becomes more stable. Occu-
pied orbital 60 in the transition-state geometry becomes
occupied orbital 57 in the optimized geometry and is
stabilized by 1.2 eV. This stabilization and geometry
change is the same as the cis-ligand effect identified by
Lichtenberger/Brown, Hall, Eisenstein, and Macgregor,
and for other ML5 complexes.
26
Because of this occupied orbital stabilization and LUMO
destabilization, there is an energetic penalty to revert back to
the transition-state geometry, which is octahedral-like, in
preparation formethane coordination andC-Hbond cleav-
age. Because the metal alkyl species do not have a lone pair,
these types of species do not adopt the distorted geometry
upon loss of a ligand, and methane coordination remains
favorable relative to the hydroxo and amido systems. The
magnitude of the orbital stabilization upon distortion de-
pends on both themetal orbital energies and the energy of the
NH2 and OH lone pair. For the (acac)2IrX system the amido
group induces a large energetic stabilization upon distortion,
while the hydroxo group induces a moderate energetic
stabilization. For example, the energy difference between
the optimized (acac)2IrOH species and the transition-state
geometry is 13 kcal/mol, while that for (acac)2IrNH2 is 17
kcal/mol. Therefore, the ΔE‡act for X = OR and NR2 are
significantly higher than the ΔE‡act for X = CH3.
This ground-state geometry distortion also explains why
ΔE‡act and ΔE
‡
tot have different trends. When comparing
reactivity based on ΔE‡tot values, the ground-state reference
geometries are all octahedral. However, comparison of
reactivity usingΔE‡act values is based ondifferent geometries
for X = CH3 and X = OR/NR2. In addition, this distor-
tion away from an octahedral geometry for X = OR/NR2
also influences pyridine and methane coordination energies
because of LUMO destabilization. Therefore, the amido
complexes are both less nucleophilic and less electrophilic
than the hydroxo or methyl complexes, resulting in larger
methane coordination energies than for hydroxo or methyl
complexes. Although no stable methane complex was lo-
cated for the (acac)2IrNH2 complex, a crude estimate can be
computed by using the energy of the (acac)2IrNH2 transi-
tion-state fragment, which is 17 kcal/mol and indicates that
the majority of ΔE‡act for (acac)2IrNH2 activating the
methane C-H bond is due to methane coordination and
not C-H bond cleavage. Therefore, the cis-ligand effect is
energetically more important than the transition-state effect
associated with the cleavage of the methane C-H bond by
the lone pair of (acac)2IrNH2.
It is reasonable to assume that theremight be a correlation
between ΔE‡act or ΔE
‡
tot and the reaction energy thermo-
dynamics. Scheme 3 shows two different reaction energy
quantities referenced to the appropriate pyridine coordina-
tion complex, which is the same energy reference point for
ΔE‡tot. From these thermodynamic quantities it is clear that
there is no correlation between ΔE‡tot and ΔErxn. For
example, for (acac)2Ir(X)(Py) going from X = CH3 to OH
toNH2,ΔE
‡
tot increases from 46.1 to 53.8 kcal/mol and then
decreases to 45.6 kcal/mol. However, the reaction energies
to give free pyridine and the corresponding iridium alkyl
Figure 9. (acac)2IrOH B3LYP orbitals and energies for the
fixed octahedral and optimized “distorted” geometries (eV).
(26) (a) Lichtenberger, D. L.; Brown, T. L. J. Am. Chem. Soc. 1978,
100, 366. (b) Davy, R.D.; Hall,M. B. Inorg. Chem. 1989, 28, 3524. (c) Riehl,
J.-F.; Jean, Y.; Eisenstein, O.; Pelissier, M. Organometallics 1992, 11, 729.
(d) Macgregor, S. A.; MacQueen, D. Inorg. Chem. 1999, 38, 4868. New
references.
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complex (product 1) steadily decrease from 37.4 to 26.3 to
2.6 kcal/mol, respectively, for X = CH3 to OH to NH2.
The reaction thermodynamics for X = OH and NH2 to
give the corresponding pyridine complexes (product 2)
are all close to thermoneutral because when the Ir-X
bond is replaced with an Ir-CH3 bond, the methyl group
is less donating, which allows pyridine to bind more
tightly and make up for the differences in bond strengths.
Ultimately, the lack of any simple kinetic-thermody-
namic correlation is likely due to the disparate relative
values for coordination versus cleavage barriers. For
example, the ΔE‡act for (acac)2IrCH3 is entirely com-
posed ofΔE‡clv due to the negative methane coordination
energy. For (acac)2IrOH, ΔEcoord (5.3 kcal/mol) is
roughly 20% of the ΔE‡tot value (17.0 kcal/mol). On the
basis of the above estimate of methane coordination to
(acac)2IrNH2, ΔE
‡
tot is almost entirely made up of
ΔEcoord. This continuum of relative ΔEcoord/ΔE
‡
clv is
the result of differences in relative electrophilicities and
nucleophilicities and makes a direct connection to ther-
modynamic quantities difficult at best and perhaps im-
possible. A similar lack of correlation between kinetics
and thermodynamics is also found for Ru systems (see
Scheme 3b).
For the same reason that reaction thermodynamics are not
predictors of activation barriers, neither bond dissociation
energies nor oxidation potentials of the coordinatively un-
saturated species correlate. Table 6 lists the homolytic bond
energies (BEs) and bond dissociation energies (BDEs) for
(acac)2IrX and TpRu(CO)X complexes relative to their
optimized ground states. BEs are defined as separation into
homolytic radicals without further geometric relaxation,
while BDEs allow for geometric relaxation. In general,
B3LYP and M06 predict BEs and BDEs within 2-3 kcal/
mol of each other. Because there is no geometric relaxation in
BEs (also called “snap” energies27), these values are larger
than BDEs. For (acac)2IrX species this relaxation energy,
defined asΔEBE-ΔEBDE, is nearly constant at 38 kcal/mol.
For TpRu(CO)X the relaxation energies are much smaller
and range between 6 and 11 kcal/mol. For (acac)2IrX, the
order of BDEs is CH3<OH=NH2. This ordering is not in
accordance with ΔE‡act or ΔE
‡
tot. For TpRu(CO)X, the
BDEs are significantly higher compared to (acac)2IrXBDEs.
For example, the BDE for (acac)2IrCH3 is 35.7 kcal/mol,
while for TpRu(CO)CH3 this value is 55.0 kcal/mol. The
difference in hydroxo BDEs is also 20 kcal/mol, while the
difference in amido BDEs is only 13 kcal/mol. For both Ir
andRu complexes, alkyl and amido groups have nearly equal
BDEs, while the hydroxo groups have 20-25 kcal/mol larger
BDE values, which is in agreement with the ΔE‡tot trend.
Similar to BDEs, III/IV oxidation potentials for (acac)2IrX
and II/III oxidation potentials for TpRu(CO)X com-
plexes show no quantitative correlation to barrier heights
(ΔE‡tot or ΔE
‡
tot). Table 7 gives the B3LYP and M06
vertical and relaxed oxidation potentials, which account
for geometric relaxation.
3.5. Transition-State Energy Decomposition Analysis. To
understand the relative importance between the electrophilic
metal centerandnucleophilic ligand interactionsbetween (acac)2-
IrX and TpRu(CO)X with methane for the coordination
Table 6. B3LYP and M06 Bond Energies (BE) and Bond Dissociation Energies (BDE) (kcal/mol)a
B3LYP/B2 M06/B2 B3LYP/B2 M06/B2
BE BDE BE BDE BE BDE BE BDE
(acac)2IrX TpRu(CO)X
X= CH3 75.6 35.7 77.5 38.7 X = CH3 66.0 55.0 68.6 59.3
X = OH 97.6 60.0 99.2 62.8 X = OH 85.3 80.0 84.9 80.5
X = OMe 84.8 46.1 88.3 50.5 X = OMe 76.7 70.0 79.3 73.4
X = NH2 98.6 60.3 101.4 64.4 X = NH2 79.4 73.7 81.7 77.3
X = NMe2 85.9 47.6 91.7 54.7 X = NMe2 61.6 54.0 68.0 61.8
(acac)2Ir(X)(Py) TpRu(CO)(X)(Py)
X = CH3 66.4 X = CH3 55.3
X = OH 82.5 X = OH 79.2
X = NH2 67.6 X = NH2 57.9
aB1 = LACVP** and B2 = LACV3Pþþ**(f).
Scheme 3. Comparison of Reaction Energies for the Reactions of
(a) (acac)2Ir(X)(Py) and (b) TpRu(CO)X with Methane
a
aEnergies are relative to each M(X)(Py) complex (kcal/mol). Values
in parentheses are relative to optimized separated species.
(27) Folga, E.; Ziegler, T. J. Am. Chem. Soc. 1993, 115, 5169.
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energy (ΔEcoord), cleavage barrier (ΔE
‡
clv), and ΔE
‡
act,
we have carried out an absolutely localized molecular
orbital energy decomposition analysis (ALMO-EDA) on
the methane complexes and transition states.19 We have
previously reported the ALMO-EDA energies for transition
states of (acac)2IrX (X= CH3 and OH) and TpRu(CO)X
(X= CH3, OH, and NH2). On the basis of these previous
results we have classified (acac)2IrX and TpRu(CO)X
species as “ambiphiles” toward the methane C-H bond
in the transition state.28 This classification was based on
approximately equal charge-transfer (ECT) stabilization
resulting from forward (methane to MX, ECT2) and
reverse (MX to methane, ECT1) orbital interactions.
The EDA analysis reveals that the -7 kcal/mol stabiliza-
tion, which results from the interaction of (acac)2IrCH3 with
methane, is the result ofmainly occupied to unoccupied orbital
charge-transfer stabilization (ECT2 = -15 kcal/mol) from
methane to (acac)2IrCH3. The back-bonding (ECT1) and
polarization (EPOL) are also stabilizing, but each only ac-
counts for-5 kcal/mol of stabilization. Exchange repulsions
negate 17 kcal/mol (EFRZ) of this stabilization, leading to an
overall interaction energy of-9 kcal/mol. This-9 kcal/mol
is slightly larger than the -7 kcal/mol reported in column 1
of Table 8 due to basis set superposition correction. The
M06 values for the interaction between (acac)2IrCH3 and
methane give nearly equal charge-transfer and polarization
stabilization, and the difference is in the EFRZ term, which is
4 kcal/mol less destabilizing.
As discussed previously, the geometric energy penalty or
the distortion energy (ΔEd) required for (acac)2IrOH to
obtain an octahedral geometry for methane coordination
requires 11 kcal/mol. This penalty in addition to 16 kcal/mol
of exchange repulsions and lesser charge-transfer stabiliza-
tion make the overall interaction between (acac)2IrOH and
methane destabilizing. Again, the majority of charge-trans-
fer stabilization in this weak complex is the result of CH4 to
(acac)2IrOH orbital interactions.
TpRu(CO)CH3 interacts withmethane less favorably than
the (acac)2IrCH3. The EDA analysis shows that this is due to
lesser stabilization from charge-transfer and polarization
interactions. However, for TpRu(CO)OH, the net interac-
tionwithmethane is zero. This is 7 kcal/mol less destabilizing
than the interaction between (acac)2IrOH and methane. The
EDA results show that this is mainly due to less of an
energetic penalty to distort the TpRu(CO)OH species into
an octahedral environment in preparation for methane co-
ordination. The ΔEd for the TpRu(CO)OH fragment is only
4 kcal/mol compared to the 11 kcal/mol for (acac)2IrOH.
Although we have shown there are significant differences
between (acac)2IrX and TpRu(CO)X systems for pyridine
ligand coordination and methane coordination energies, the
EDA results show that in the transition states with methane
the interactions are very similar. For example, the total
ALMO-EDA interaction energies (E) for (acac)2IrX
are-67,-20, and-14 kcal/mol for X= CH3, OH, and NH2,
respectively. The corresponding TpRu(CO)X values
are-71,-19, and-12 kcal/mol. Comparison of the individual
interaction energy components, EFRZ, EPOL, and ECT, also
shows a striking consistency between (acac)2IrX and TpRu-
(CO)X systems. The major difference between (acac)2IrX
and TpRu(CO)X systems does not come from the interaction
between these species with methane but rather the geometric
energy required to achieve the transition-state geometries
Table 8. B3LYP and M06 (in parentheses) Transition-State ALMO-EDA Results (kcal/mol)a
fragment energies interaction decomposition results
ΔE
ΔEd [MX þ CH4]
Ei
bΔ ECT1 ECT2 EFRZ EPOL EHO
c E
Coordination Complex
(acac)2IrCH3 -7 [2 þ 3] -11 -5 (-4) -15 (-14) 17 (13) -5 (-5) -1 (-3) -9 (-14)
(acac)2IrOH 7 [11 þ 1] -6 -3 (-3) -11 (-11) 16 (12) -5 (-4) -1 (-2) -3 (-8)
TpRu(CO)CH3 -4 [1 þ 1] -6 -3 (-2) -7 (-7) 8 (4) -2 (-2) -1 (-2) -5 (-10)
TpRu(CO)OH 0 [4 þ 1] -5 -3 -6 11 -3 -1 -2
Transition States
(acac)2IrCH3 5 [11 þ 64] -70 -58 -52 68 -25 0 -67
(acac)2IrOH 18 [13 þ 28] -24 -28 -36 90 -46 -1 -20
(acac)2IrNH2 24 [17 þ 24] -16 -24 -33 86 -41 -2 -14
TpRu(CO)CH3 17 [11 þ 81] -75 -66 -45 69 -29 0 -71
TpRu(CO)OH 15 [6 þ 31] -23 -32 -26 88 -47 -2 -19
TpRu(CO)NH2 21 [9 þ 26] -14 -28 -25 84 -41 -2 -12
aAll values relative to noninteracting ground states. bNot corrected for basis set superposition error and is therefore slightly different from the total
ALMO-EDA interaction energy (E). cHigher-order charge-transfer relaxation.
Table 7. B3LYP and M06 Oxidation Potentials (eV)a
B3LYP/B2 M06/B2 B3LYP/B2 M06/B2
(acac)2IrX vertical relaxed vertical relaxed TpRu(CO)X vertical relaxed vertical relaxed
III/IV II/III
X = CH3 0.78 0.90 0.74 0.86 X = CH3 0.81 0.95 0.76 0.88
X = OH 0.72 0.87 0.65 0.79 X = OH 0.90 1.02 0.84 0.97
X = NH2 0.51 0.48 X = NH2 1.01 1.13 0.95 1.04
aB1 = LACVP** and B2 = LACV3Pþþ**(f).
(28) Ess, D. H.; Nielsen, R. J.; Goddard, W. A., III; Periana, R. A.
J. Am. Chem. Soc. 2009, 131, 11686.
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for methane and the metal ligand fragment. For example,
in the transition state for (acac)2IrCH3 with methane the
Ir fragment must undergo an 11 kcal/mol energetic
transformation, while methane undergoes a 64 kcal/mol
geometry change mainly due to C-H bond elongation.
However, in the TpRu(CO)CH3-methane transition
state the Ru fragment also requires an 11 kcal/mol energy
change, but the methane requires an 81 kcal/mol distor-
tion energy. This significant difference in methane ΔEd
values reflects the differences in breaking C-H bond
lengths during C-H activation, which are 1.64 and 1.79
A˚. In addition, the trends in ΔE values are obviously in
opposition to the interaction energies, which signifi-
cantly increase from X = CH3 to OH and NH2.
4. Conclusions
Transitionmetal complexes that break hydrocarbonC-H
bonds by transferring the hydrogen to a heteroatom ligand
while forming ametal-alkyl bond offer a promising strategy
for C-H activation. Kinetic and thermodynamic analysis
applying B3LYP, M06, and X3LYP functionals to cis-(acac)2-
MX and TpM(L)X (M = Ir, Ru, Os, and Rh; X = CH3,
OH, OMe, NH2, andNMe2) complexes for methane C-H
bond activation revealed that ranking reactivity between
CH3, OR, and NR2 ligand systems depends on the re-
ference ground state. Comparison ofΔE‡act values, which
is the sum of coordination and C-H bond cleavage steps
(ΔEcoord þ ΔE‡clv), for the (acac)2IrX system shows that
the relative barrier heights are X = CH3 < OR < NR2,
while for the TpRu(L)X systems the relative barrier
heights are X=OH<CH3≈NR2. In contrast, compar-
ison of ΔE‡tot values (ΔElig þ ΔEcoord þ ΔE‡clv), which
includes the energy to dissociate a pyridine ligand to
generate a coordinatively unsaturated species (ΔElig),
shows that for the (acac)2IrX system the relative barrier
heights are X = NR2 ≈ CH3 , OR, while for the TpRu-
(CO)X system the relative barrier heights are X=NR2,
CH3 ≈ OR. These results indicate that increased dπ-pπ
closed-shell repulsions for X = NR2 compared to X =
OH or CH3 are not as important as the donating capacity
of the amido group to the metal center that destabilizes
the LUMO energy and is responsible for lowering of the
ΔE‡tot through decreasing the pyridine ligand binding
energy. In other words, for X = NR2 ligands it is easier
to form the coordinatively unsaturated species that
is essential for methane coordination and activiation
and the lone pair from the amido (and hydroxo) ligands
are more important for ground-state effects than transi-
tion-state effects. This conclusion is most relevant in the
future designs of transition states for C-H bond activation
catalysts.
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